Abstract-This paper reports recent results in the development and deployment of a synchronous-clock acoustic navigation system suitable for the simultaneous navigation of multiple underwater vehicles. The goal of this work is to enable the task of navigating multiple autonomous underwater vehicles (AUVs) over length scales of 0(100 km), while maintaining error tolerances commensurate with conventional long-baseline transponder-based navigation systems (0(1 m)), but without the requisite need for deploying, calibrating, and recovering seafloor anchored acoustic transponders. Our navigation system is comprised of an acoustic modem-based communication/navigation system that allows for onboard navigational data to be broadcast as a data packet by a source node, and for all passively receiving nodes to be able to decode the data packet to obtain a one-way travel time pseudo-range measurement and ephemeris data. We present field results for a two-node configuration consisting of a surface ship acting as a global navigation aid to a Doppler-aided AUV.
I. INTRODUCTION
Few techniques presently exist for reliable threedimensional position sensing for underwater vehicles. Depth, altitude, heading, and roll/pitch attitude can all be instrumented with high bandwidth internal sensors, however, XY position, in contrast, remains difficult to instrument and is normally measured acoustically in oceanographic and commercial applications.
Conventional long-baseline (LBL) acoustic navigation systems require multiple fixed transponders i.e., fixed or moored on the seafloor [1] , [2] , on the hull of a surface ship [3] , or on sea-ice [4] . With a maximum acoustic range of 5-10 km, fixed LBL networks can cover only limited mission areas. Moreover, existing LBL navigation systems are designed to navigate one vehicle per interrogation-response acoustic cycle. This is acceptable for single vehicle deployments, but less desirable for multi-vehicle deployments because the interrogation-response navigation update period increases linearly with the number of vehicles (thereby proportionally decreasing each vehicle's overall navigation update rate). The result is unacceptably low LBL navigation update rates. The existing prevalence of LBL systems within the oceanographic community is due to a lacuna of other means for obtaining bounded-error sub-sea XY position.
While the advent of the global positioning system (GPS) has ushered in a new revolution in bounded-error terrestrial navigation for both surface and air vehicles, seawater is opaque to the radio-frequencies upon which GPS relies and, thus, GPS cannot be used by submerged underwater vehicles. Though ultra-short-baseline (USBL) acoustic navigation systems are preferred for short-range navigation, they are of limited usefulness for long-range navigation [5] , [6] .
The high cost and power consumption of inertial navigation systems has, until now, precluded their widespread use in non-military undersea vehicles. Compact, low-cost, low-power inertial navigation system (INS) systems have recently become commercially available, offering an alternative method for instrumenting absolute XYZ displacement [7] , [8] . Modern INS position error is on the order of 1% of path-length, hence, INS alone is inadequate to support the needs of long-range bounded-error navigation. For example, the path length of a vehicle traveling 3 knots for 48 hours is 144 nm (266 km), resulting in an INS position error of 1.4 nm (2.6 km), which is unacceptably large. For a survey of current underwater navigation technologies, the reader is referred to [9] .
In this paper we purse the development of a synchronousclock modem-based navigation system capable of supporting multi-vehicle bounded-error navigation over unprecedented length scales (e.g., 0(100) km). Our navigation framework employs WHOI Micro-Modems [10] - [12] , an underwater acoustic modem developed by Woods Hole Oceanographic Institution (WHOI), in conjunction with commercial off-theshelf (COTS) low-power stable clocks to yield a navigation system capable of inter-vehicle communication and one-way travel time (OWTT) ranging. Previous work using modems and synchronous-clock navigation has been reported in [13] for autonomous surface-craft; in that work each vehicle was equipped with a GPS receiver to provide a common timebase for synchronous ranging. Synchronous-pinger OWTT navigation was reported in [14] where integrated range-rate positioning was used for AUV docking using a early predecessor of the modern WHOI Micro-Modem. Non-modem synchronousclock OWTT ranging has been reported in [2] for "in-hull navigation" of the manned deep-submergence vehicle Alvin. Other loosely related work involving single transponder twoway travel-time (TWTT) navigation has been reported in [15] - [21] .
The rest of the paper is organized as follows. Section II describes our synchronous-clock implementation and methodology. Section III presents a weighted sensor fusion framework for combining OWTT pseudo-range measurements with strapdown onboard vehicle odometry for bounded-error navigation. Section IV reports for a set of data collected in-situ by a bottom-lock Doppler-aided AUV accompanied with OWTT pseudo-range measurements acquired from a GPS-equipped surface ship. Finally, section V closes with some concluding remarks.
II. SYNCHRONOUS-CLOCK ACOUSTIC NAVIGATION Most acoustic navigation systems are based upon measuring two-way time-of-flight (TOF) ranges whereby the navigation cycle consists of a vehicle-initiated interrogation pulse followed by a reply from all passively listening transponders [2] , [3] . In these systems, each node (i.e., vehicle) in the acoustic network must interrogate the network in order to obtain a twoway TOF measurement between it and all replying nodes. The advantage of such a system is that no absolute precision-clock is required for TOF measurement, however, the disadvantage is that in a N vehicle environment the overall update rate for each vehicle decreases as N Accurate OWTT ranging can be determined by precisely knowing the transmit and receive times of an underwater acoustic communications packet. The result is a direct oneway TOF measurement from source to receiver. The advantage over TWTT ranging is that OWTT ranging readily scales to a multi-vehicle environment within a master/slave architecture. This is because when a source (master) node interrogates the network, all receiving nodes (slaves) can passively measure the one-way TOF between each of them and the source node. Hence, in a N vehicle environment, the overall update rate for each vehicle remains constant. The disadvantage, however, is increased complexity in hardware design since all nodes must carry their own synchronized, stable precision-clock.
A. Methodology
Our methodology is to use OWTT ranging capabilities in the context of a surface-ship acting as a moving transponder. For this purpose, we are employing the synchronoustransmission capabilities of the WHOI Micro-modem [10]- [12]. The synchronous-transmission feature of the WHOI Micro-modem allows it to directly and accurately measure time-of-arrival (TOA) to within 125 ts (i.e., 18.75 cm at 1500 m/s) between a source and receiver using a user supplied external pulse per second (PPS) reference. This common timebase allows for a synchronous modem communication/navigation system whereby navigation data packets can encode time of origin information as well as local ephemeris data (e.g., x, y, z positional data and error metric). Navigation packets can be broadcast to the network, allowing all receiving nodes to passively measure the elapsed TOF between source node and destination. The OWTT pseudo-range knowledge, when used in conjunction with the decoded ephemeris data and other onboard vehicle navigation data, provides a mechanism for bounded-error self-localization.
In our method, a ship maneuvers with an AUV fleet, tending to vehicle launch/recovery support, while also acting as a global navigation aid by broadcasting GPS-derived shiptransducer position to the vehicle network. All vehicles which are within listening range of the ship and which passively receive the GPS ephemeris can then use this knowledge to compute a running position fix and correct accumulated deadreckon error. For this purpose, we anticipate that vehicles will be instrumented with a standard suite of oceanographic navigation sensors including pressure depth, attitude, Doppler velocity log (DVL), and possibly an INS.
B. Implementation
In our system, each submerged node is equipped with a COTS low-power (10 mW) temperature compensated crystal oscillator (TXCO) manufactured by SeaScan Inc. This freerunning TXCO is capable of providing a 0.02 ppm (typical) (i.e., a drift-rate of about 1 ms per 14 h) reference pulse at the rate of 1 PPS. This translates into a maximum per-dive driftinduced range-error of 1.5 m, which is commensurate with standard 12 kHz LBL. The TXCO is naturally free-running, therefore, we designed a micro-controller based printed circuit board (PCB) daughter card, called a PPSBOARD, to provide higher-level clock functionality (Fig. 1) .
The PPSBOARD mates to the TXCO and controls synchronization of the TXCO's PPS to an absolute reference clock as well as measures the TXCO's PPS offset with respect to this reference. This capability allows us to synchronize the TXCO to a common timebase at the beginning of a mission while on the surface, such a GPS-derived Coordinate Universal Time (UTC)), and then measure the pre and post dive drift of the TXCO, which is useful for modeling clock drift. Additionally, the PPSBOARD generates a NTP-compliant string and waveform that can be used to keep real-time clock (RTC) drift onboard the vehicle host PC to within sub-milliseconds of absolute time [22] . This level of accuracy is sufficient for the host PC to be able to assign which second corresponds to which TXCO PPS pulse when communicating with the MicroModem. This time reference is then embedded as the time of origin in the acoustic navigation packet.
The surface ship uses a COTS GPS-based network timeserver for a stable clock source. The unit, manufactured by Meinberg Inc., uses a high-quality oven compensated crystal oscillator (OXCO) with a GPS-synchronous accuracy of 1E-6 ppm and a free-running accuracy of 5E-4 ppm. Hence, the ship-based timeserver can be considered essentially driftfree and only the vehicle TXCO drift must be accounted for when computing pseudo-range measurements from TOF data.
III. FuSION FRAMEWORK In this section, we describe a nonlinear weighted leastsquares framework for bounded-error XY vehicle navigation that combines: 1) vehicle-derived inter-ping odometry, 2) ship GPS-derived position, and 3) OWTT pseudo-range measurements between ship and vehicle. The framework is suitable for offline batch post-processing for the purposes of optimal renavigation, and can also be extended to vehicle in-situ online use by selecting an appropriate sliding time window of most recent data.
A. Assumptions
In the forthcoming formulation we make the following assumptions:
* Fig. 2 depicts a sequence of OWTT pseudo-range measurements occurring between ship and vehicle along with the available measurement observation models.
C. Weighted Optimization
Under the assumed observation models of ship GPS position, vehicle-derived inter-ping odometry, and OWTT pseudoranging, we can write our weighted least-squares objective function, C(X), as
where r,. Zgi , and ZQi are the individual relative measurement weights. To solve, we employ the Levenberg-Marquardt algorithm [23] starting with an initial guess of dead-reckoned vehicle position and GPS-measured ship position.
IV. RESULTS
In this section we report results for a set of field experiments employing OWTT navigation. The experiment was for a twonode configuration consisting of a surface ship and single submerged AUV. For this experiment, we used the WHOI SeaBED AUV platform (Fig. 3) .
A. Experimental Setup
SeaBED is instrumented with a typical suite of oceanographic navigation sensors including pressure sensor depth, 1200 kHz DVL, an IXSEA North-seeking 3-axis fiber optic gyro for attitude, and a PPS-capable WHOI Micro-modem. In addition, we integrated our PPSBOARD and a Garmin GPS-16HVS GPS receiver into the vehicle so that we could conduct OWTT experiments. The Garmin GPS unit outputs a 1 PPS reference signal accurate to within 1 Wts of UTC when it has GPS lock. We use this PPS reference for pre-dive time synchronization of the free running TXCO onboard the AUV while at the surface.
The surface ship is equipped a PPS-capable Micro-modem, a GPS receiver used for measuring ship transducer position, (Fig. 5) . The ship remained on anchor and OWTT ranges were broadcast at a periodic schedule of every 5 then 20 seconds. Fig. 4 displays the raw OWTT data recorded between the AUV and ship; for comparison, independently measured TWTT (Tracklink USBL) ranges are shown. Fig. 6 displays results from the weighted nonlinear leastsquares fusion of the OWTT pseudo-ranges and bottom-lock DVL odometry. The raw DVL trajectory, shown in blue, was obtained by forward Euler integration, using the GPS dropposition of the AUV as the origin. Shown in red is the globally referenced OWTT derived trajectory; this result was post-processed offline. Shown in green is the independently measured post-dive GPS position of the AUV, which crossvalidates the OWTT result. Fig. 6(b) 
